We report on a new structure of Dielectric Elastomer Actuators (DEAs) called zipping DEAs, which have a set of unique characteristics that are a good match for the requirements of electrically-powered integrated microfluidic pumping and/or valving units as well as Braille displays. The zipping DEAs operate by pulling electrostatically an elastomer membrane in contact with the rigid sidewalls of a sloped chamber. In this work, we report on fully functional mm-size zipping DEAs that demonstrate a complete sealing of the chamber sidewalls and a tunable bistable behavior, and compare the measurements with an analytical model. Compared to our first generation of devices, we are able vary the sidewall angle and benefit therefore from more flexibility to study the requirements to make fully functional actuators. In particular, we show that with Nusil CF19 as membrane material (1.2 MPa Young's modulus), it is possible to zip completely 2.3 mm diameter chambers with 15° and 21° sidewalls angle equibiaxially prestretched to λ 0 =1.12 and 15° chambers with λ 0 =1.27.
INTRODUCTION
Dielectric Elastomer Actuators (DEAs) are known since 1998 as devices exhibiting unique features, in particular very large strains [1, 2] . This is possible thanks to the softness of the elastomer membrane, but this softness makes also challenging the use of DEAs to retain a precise shape when submitted to a load. For many applications, one requires outof-plane displacements in order to exert mechanical work, or to take advantage of the actuator's softness to achieve complex motions such as dielectric elastomer minimum energy structures [3] . Well beyond the simple but impressive DEA "sandwich" demonstrators, much engineering effort is required to design new actuator structures that can truly exploit all the potential of DEAs [4, 5, 6, 7, 8] .
A promising application of DEAs is to replace the pneumatic actuators of microfluidic large-scale integrated chips (MLSI) [9] in order to enable electrically-powered portable lab-on-chips [10] as the current MLSI systems requires large external pumps and compressed air sources. Apart from the large strains, this application imposes specific requirements on the actuator's characteristics: out-of-plane motion, sealing of embedded channels, and guaranteed complete deflection by a bistable operation mode. We proposed previously a variant of DEAs inspired by silicon MEMS zipping devices that precisely meets these requirements [10] . As a demonstration of the feasibility of DEA-powered MLSI chip, we want to develop a peristaltic micropump composed of three in-line zipping DEAs. In this work, we show a second generation of single zipping DEA devices that demonstrate experimentally the potential of this new type of actuators by achieving deflected shape and a highly tunable deflection vs. voltage characteristic including bi-or multi-stable modes, which make them first choice candidates for other applications such as Braille displays.
ZIPPING DIELECTRIC ELASTOMER ACTUATORS
As presented in our previous work [10, 11] , DEA zipping actuators are a variant of the traditional DEA operation mode inspired by silicon MEMS zipping devices [12] . Instead of having two compliant electrodes that squeeze the elastomer and produce a thickness compression and lateral expansion [1] , zipping DEAs attract one single compliant electrode toward a rigid one. The elastomer membrane on which the compliant electrode is patterned deforms out-of-plane, being gradually pulled in contact with the rigid electrode ( Figure 1 ).
Silicon MEMS zipping actuators use thin high-quality rigid dielectrics to store the electrostatic energy, which results in high forces at low voltages and made them popular [13] . As demonstrated experimentally by Gebbers et al. [11] , it is possible to fabricate DEA zipping actuators based on this same principle: the soft electrode is pulled in hard contact with the rigid dielectric, and the electric field is therefore applied across a few μm thick rigid insulator. Since solid dielectric coatings such as silicon nitride, silicon oxide or aluminum oxide have high dielectric constants and breakdown strengths, the actuation voltage can be greatly reduced. Gebbers successfully coated a 20 mm diameter rigid aluminium electrode with a relatively thick (10-30 μm) aluminium oxide and achieved 1.4 mm deflection at 200 V. Although promising, this approach is quite challenging in terms of fabrication: these very thin layers tend to have defects, so that the realization of a pinhole-free dielectric over a few square mm sloped chamber is critical. The best high-quality dielectrics are available in the well-established but expensive microfabrication technologies, however their use raises a new issue: most of their etching processes have been designed to produce vertical trenches, and are therefore badly suited to machine the sloped walls chambers.
We therefore chose to study a variant of zipping DEAs in which the electric field is applied across the elastomer membrane (Figure 1 ), avoiding the use of a thin rigid dielectric. We previously investigated anisotropic crystalline etching of silicon by potassium hydroxide (KOH), which yields pyramidal-shape chambers with a large fixed sidewalls angle of 54.7°. We could obtain a maximal out-of plane deflection of 300 μm on 2.6 mm side chambers covered by a membrane patterned with an Au ion-implanted electrode on top, not reaching the fully deflected shape (525 μm deflection) [10] . In this work, we present a new generation of devices which have conical-shape machined chambers in aluminium. Their main advantage compared with the previous design is the possibility to choose the sidewalls angle.
The devices presented here are composed of a silicone membrane with a compliant electrode patterned on top, which is suspended over a conical cavity with sloped sidewalls (Figure 1 ). The electric field is applied between the compliant electrode and the conducting body, which is grounded. As the voltage increases, the electrostatic force pulls the membrane in contact with the chamber sidewalls. The electric field is the highest where the gap is the smallest, and a zipping-like motion therefore proceeds from the suspended part's periphery, bringing gradually the membrane in contact with the rigid electrode. Like for silicon zipping devices, it is more stable energetically to have a fully deflected membrane above a voltage threshold: it jumps at the bottom of the cavity in a bistable fashion. 
ANALYTICAL PREDICTION OF THE ZIPPING BEHAVIOR
We already proposed a model which is able to predict the static displacement of membranes zipping in pyramidal-shape chambers with 54.7° sidewalls angle (corresponding to α) [10] . We kept the same approach, changing only the chamber geometry from a pyramidal shape into a conical one. The hyperelastic Gent model parameters of the silicone elastomer (Nusil CF 19-2186) are J=80.4 and μ=0.42 MPa.
Pyramidal and conical chambers
The Figure 2 shows the z deflection versus voltage curve outputted by our model for one KOH-etched and two conical chambers, without prestretch. Comparing the output for the KOH-etched chamber and the conical one of same area and angle α, one can assume that the change in geometry makes almost no difference and that it is therefore possible to compare data from both geometries to some extent. However, our model assumes all stretches to be equibiaxial, but the 3D membrane shape measurements obviously pointed out that one could expect to have inhomogeneous stretches along the edges of a pyramidal chamber [10] . We expect our new generation of axisymmetric conical-shape devices to have a stretch state that is more homogeneous. The highest machined sidewalls angle of the conical chambers is 31°, and we plotted it together with the two 54.7° curves as a comparison. 
Effect of membrane thickness
The Figure 3 plots the effect of membrane thickness (after prestretch) on the zipping voltage. The breakdown points are indicated by crosses of corresponding colors. For this set of parameters, there is a regular shift of the zipping voltage of about 1.1 kV per 20 μm thickness. Increasing the membrane thickness shifts the zipping voltage by both having less electric field at a constant voltage and more mechanical energy to be compensated at a constant deflection. The breakdown voltage is slightly pushed further away from the zipping jump, and one could therefore expect a somewhat better reliability for thicker membranes.
Effect of prestretch
The Figure 4 shows the effect of increasing prestretch as predicted by the model, keeping the thickness after prestretch constant. It is twofold: it delays the zipping jump and turns its shape into a more abrupt transition. Therefore, if a very clear bistable behavior is desired, one should go to higher prestretches. It does not improve the actuation strain by overcoming the pull-in instability in the same fashion as traditional "squeezing-mode" DEAs, since the actuator structure is different (the zipped part of the membrane in hard contact with the sidewalls and the central part has a negligible electric field). Moreover, it must be stressed that the bistable behavior of zipping DEAs is not due to the pull-in instability but to a jump between energy minima that depends both on the actuator's geometry and on the elastomer mechanical properties.
Our first generation of chambers had been etched in a silicon wafer using anisotropic crystalline etching, which defines the large sidewalls angle of 54.7°. As a consequence, more voltage was needed to deflect the membrane, and we were not able to zip completely the membrane down to the 525μm depth of the wafer. However, the large sidewalls angle had the advantage that the non-prestretched membranes were able to come back in their flat position after turning off the voltage. With our current conical-shape zipping devices, we are able to fabricate chambers with lower angle α, but it becomes mandatory to pay attention that enough mechanical restoring force is present to un-stick the membrane from the sidewalls within a fraction of second after the voltage has been switched off. One may wonder whether it is preferable to increase the mechanical restoring force of the membrane by adding more prestretch or by using thicker membranes. From our model predictions, thicker membranes would tend to increase the security margin between the zipping jump and the breakdown. But prestretching provides a large amount of additional mechanical energy, and this without changing the thickness since we manufacture our own membranes and can therefore choose our thickness and prestretch independently. At constant voltage, using prestretch rather than thicker membrane keeps the electric field larger. To a lower extent (the involved pre-stretches are not very high for our set of parameters) it should also increase the breakdown field of the elastomer. We therefore conclude that it is preferable to increase the mechanical restoring force by prestretching rather than having thicker membranes.
DEVICE FABRICATION
The chambers were milled from an aluminium plate with a Step-Four Basic series CNC equipment. We first bored a hole in the center of the chamber, which allows the air to come out during actuation. We then use drillbits with conical shape heads of different angles to obtain the desired sidewall profiles. This machining method quickly yields chambers with axi-symmetric (conical) shape, dimensions and angles suitable for our application, but with lower surface quality and less controlled geometry than the microfabricated silicon chambers. The geometrical parameters are the sidewalls angle α, the top diameter D and the bottom diameter d. The sidewall angles α are 15°, 22.5° and 31°, and the top diameters comprised between 2 and 3 mm.
We fabricate the silicone membrane with a blade casting process which yields very homogeneous membranes of various silicone types with thicknesses from 15 to 100 μm. The silicone we are using in this work is CF 19-2186 from Nusil. We previously investigated the use of a softer but less breakdown resistant silicone (Bluestar LSR4305), and could zip only half of the depth obtained with the CF 19-2186 [14] . Moreover, we expect better pumping performance with stiffer silicones. Indeed, the performance of a pump is addressed in terms of backpressure and flow rate, the latter being basically defined as stroke volume multiplied by the cycle frequency. Stiffer silicones provide less stroke volume but yield higher pressures and frequencies, thus increasing the overall pumping performance.
The membranes are equibiaxially prestretched up to 1.27 to ensure that enough restoring force is stored even with small sidewalls angles to counter the stiction forces on the elastomer-aluminium interface and bring back the membrane in its flat position. Once prestretched, a compliant electrode composed of carbon black particles dispersed in a soft silicone matrix is patterned on the membrane by an indirect stamping technique (pad printing). The ink's Young's modulus is in the range of 1.9MPa, and the one of CF 19-2186 is 1.2 MPa. The use of stiffer "solid" electrodes (compared for instance to carbon black dispersed in silicon grease) requires thin layers to ensure the stiffening impact is negligible [15] . We measured electrode thicknesses between 1 to 3.5 μm, depending on the number of successive applications, which fits this condition.
The printed membrane is bonded over the aluminium body by activating the native oxide and the silicone surface with oxygen plasma. This method is well-known in silicone replica molding processes and produces an irreversible chemical bonding of the two parts. The activation of the surfaces decays with time, so that the suspended part of the membrane will not adhere to the sidewalls when being actuated. The compliant electrode is contacted to a PCB with a conductive varnish.
EXPERIMENTAL RESULTS

Complete chamber zipping
The Figure 5 shows an optical picture of a zipped 2.4 mm diameter actuator. The membrane completely zips onto the chamber sidewalls under a 1.5 kV voltage. We show on the Figure 6 the vertical deflection z versus voltage of three devices that successfully zipped down to the bottom of the chamber. They have sidewalls angles of 15 and 22.5°, and two different prestretches. Measurement on larger angle chambers with the same prestretches could not completely zip before breakdown. 
Variation of prestretch and thickness
Assuming that conical and pyramidal actuators of equal area should behave in the same manner (section 3.1), we compare measurement made in a 2 mm side KOH-etched chamber and in a conical one (Figure 7) . The KOH-etched chamber (54.7°) has a membrane about three times thicker than the conical one, and no prestretch. The 31° chamber has a small prestretch of 1.14. Both devices failed before reaching the complete zipping depth (indicated by the flat of the model curve).
It can be seen that the measurements on the KOH chamber match well the model prediction, although the device had a breakdown before reaching the zipping jump. The higher maximal deflection (400 μm vs. 300 μm on previous devices) is obtained thanks to the lower stiffening impact of the CB-silicone electrode than with ion implantation [10] .
The zipping jump voltage of the conical chamber is higher than predicted by the model. A comparable difference between the model and the experiments has been observed on all the prestretched conical chambers. We attribute this difference to the fact that we did not include the bending energy of the membrane in our model. The energy needed to bend the membrane to pass from a flat to a zipped shape would add an energy barrier of at least 0.3 μJ amplitude (maximum mechanical stretch energy ranges from 2 to 20 μJ depending on the actuator's parameters) in the first 10's of μm of vertical displacement, thus delaying the zipping voltage.
The fact that the model fits better the data of the non-prestretched pyramidal shaped chamber may be attributed to the fact that the bending energy is proportional to the effective Young's modulus, and would therefore be smaller for the non-prestretched devices. The Figure 8 displays the zipping data of two 22.5° sidewalls conical-shape actuators and their corresponding model prediction. The first device (red) has a thickness of 31 μm and a prestretch of 1.12, and the second (blue) 25μm thickness and a prestretch of 1.27. The small difference of 0.15mm in top diameter does not change the zipping voltage visibly (but the maximal zipping depth). As explained earlier, the model underestimates the zipping voltages because of the neglected bending energy. The thickness and prestretch are two counter-acting effects regarding the zipping voltage. According to the model, the effect of the thickness difference dominates over the prestretch, and the zipping occurs 0.25kV earlier with the thinner actuator. This prediction is confirmed by the measurements, which have exactly this same difference in zipping jump voltage. 
CONCLUSIONS
Zipping DEAs are an emerging class of dielectric elastomer actuators which deform a soft elastomer membrane covered with a compliant electrode by pulling it electrostatically inside a chamber with sloped sidewalls. They exhibit unique features such as well-controlled out-of-plane deflected shape, sidewalls sealing and highly tunable bistable behavior. Unlike our first generation of devices, the actuators presented here are composed of conical chambers milled in an aluminium plate, which allows a study in which we vary the sidewall angle. We present experimental results showing fully functional bistable zipping actuators and compare these data with a previously developed analytical model. 25 μm -thick silicone membranes equibiaxially prestretched to λ 0 =1.12 with 1.2 MPa Young's modulus (CF 19-2186 from Nusil) zip completely down in 2.3 mm diameter chambers with 15° and 21° sidewalls angle. With a larger prestretch (λ 0 =1.27), only the 15° chambers were able to zip completely without breakdown. The comparison of the two datasets with a model developed in a previous work indicates that the combined effect of membrane thickness and prestretch variation on the zipping jump voltage is well predicted, although a systematic shift of the zipping jump voltage between measurement and data is observed. This shift is mostly due to having not included the bending energy in the model. This new generation of actuators would fit the requirements to replace the large-displacement pneumatic valves of large-scale integrated chips or Braille displays.
